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ABSTRACT 
Radioactive  choline  was  used  to  study  the  metabolism  and  movement  of 
choline-containing  phospholipids  in  peripheral  nerve  myelin  of  adult  mice. 
Incorporation  at  various  times  after  intraperitoneal  injection  was  measured  in 
serial segments of sciatic nerve as well as in myelin isolated from those segments. 
At  no  time (1  h  to  35  days) could  a  proximal-distal difference  in  the  extent  of 
labeling  be demonstrated.  This  finding  suggests that  incorporation  of precursor 
choline  phospholipids into  nerve membranes is a local event, with little contribu- 
tion from the neuronal perikaryon via axoplasmic transport. 
Autoradiographic  investigations  were  undertaken  to  elucidate  the  pattern  of 
movement  of  radioactive  choline-labeled  phospholipids,  predominantly  lecithin, 
into  the  myelin sheaths  of the  sciatic  nerve.  A  sequence of autoradiographs was 
prepared from animals sacrificed between 20 min and 35 days after a microinjec- 
tion of precursor directly into the nerve. Analysis of these autoradiograms revealed 
that  labeling  is  initially  concentrated  in  the  Schwann  cell cytoplasm.  Later, the 
label  moves first  into  the  outer  regions  of the  myelin  sheaths  and  is eventually 
distributed evenly throughout the inner and outer layers of the sheath. At no time is 
there a  build-up of label in the axon. 
The rate of uptake of precursor and subsequent redistribution of lecithin into the 
myelin  were  also  examined  in  frog  sciatic  nerve  (18~  Both  uptake  and 
redistribution  processes were considerably slower in the cold-blooded animal. 
Various metabolic studies ( 15, 57) have shown that 
the sequence of events responsible  for the dynamic 
turnover of membrane phospholipid (and protein) 
components includes  synthesis  in the endoplasmic 
reticulum and subsequent translocation to a vari- 
ety  of other  membrane structures.  Many  recent 
reports  have  supported  the  contention  that  a 
turnover  of  myelin  phospholipids  occurs  in  the 
brain of adult  animals (e.g. 9, 28, 29,  50). Miller 
and Dawson (34), employing subcellular fractiona- 
tion of brain, have shown  that most phospholipid 
biosynthesis  including  that  of phosphatiylcholine 
takes  place  in  "microsomes," with  no  activities 
detectable in  isolated mitochondria or myelin.  In 
addition, these  authors (35) were unable to detect 
any  component  in  brain  cytoplasm which  could 
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crosomes" to "myelin," although there are protein 
factors in brain supernate that catalyze the transfer 
to phospholipids between "microsomes" and "mi- 
tochondria."  Histochemical  studies  by  Benes  and 
co-workers (8) have indicated different subceilular 
structures  in  the  Schwann  cell  as  sites  of  lipid 
acylation. One question which, therefore, arises is 
where  and  how does the myelin sheath  obtain  the 
phospholipids  deposited  during  its formation  and 
growth,  and  subsequent  turnover. 
We  have  chosen  autoradiography  to  examine 
these questions with respect to choline-phospholip- 
ids.  It has been  well documented  that  [SH]choline 
is a suitable precursor for autoradiographic studies 
(12,  27,  52,  53,  55).  Hendeiman  and  Bunge  (27) 
used  [SH]choline  with  myelinating tissue  cultures 
of peripheral nerve to ascertain whether metabolic 
processes  active  during  myelin  formation  have  a 
continuing  role  in  maintenance  and  repair  of 
"mature" myelin. They chose peripheral  nerve, as 
have we, because of morphological considerations; 
the one-to-one  relationship  between Schwann  cell 
and  myelin  internode,  and  the  large extracellular 
areas that  accommodate collagen fibers, facilitate 
the  statistical  evaluation  required  in  autoradio- 
graphic  analyses.  However,  our  investigation  fo- 
cuses on in vivo metabolism in the mature animal, 
thus allowing more detailed analyses of the autora- 
diograms,  so  that  the  movement  between  the 
myelin  lamellae  might  be  considered.  In  adult 
animals  the  proportion  of  large-caliber  fibers  is 
increased (20, 21), and it is these fibers that give us 
information  on  the  rates  of  movement  of  the 
labeled  phospholipids  through  the  sheath.  In  a 
study of cholesterol incorporation  into the myelin 
sheath of developing animals, Rawlins (38) used an 
analysis of this sort to show that cholesterol enters 
the myelin sheath  rapidly from both the inner and 
outer lamellae.  In contrast to this rapid movement 
observed for cholesterol, Rawlins (39) has recently 
reported  by  autoradiography  that  SH-choline- 
labeled molecules move very slowly into the myelin 
sheath of adult mice both from the outer Schwann 
cell  cytoplasm  and,  to  a  markedly  lesser  extent, 
from  adaxonal  Schwann  cell  cytoplasm.  That 
report was in substantial agreement with a prelimi- 
nary  one  from  our  own  laboratory  (24),  where  a 
slow  movement of [SH]lecithin  from  sites of syn- 
thesis  in  Schwann  cell cytoplasm  into myelin was 
also demonstrated.  In the present communication, 
by both biochemical and autoradiographic studies, 
we document the slow rate of movement of lecithin 
through the myelin sheath and suggest that lateral 
diffusion  may be rate-limiting in this process. 
MATERIALS  AND  METHODS 
Young  adult  mice  (45-150  days)  were  used.  Frogs 
(Rana temporaria) were examined  in  some autoradio- 
graphic experiments. 
Total-A nimal Labeling and 
Sampling of Nerves for 
Biochemical Examination 
Radioactive [methyl-SH]choline (spec act l0 Ci/nmol, 
The  Radiochemical  Centre,  Amersham)  was  injected 
intraperitoneaily at a concentration of I mCi/ml (0.05 or 
0.2 ml) in sterile saline. Radioactive phosphate (95 Ci/ng 
P) was injected likewise, 200 ttCi 8~Pi per mouse. At each 
of various time intervals after injection, several  animals 
were  anesthetized  with  ether  and  decapitated.  Both 
sciatic  nerves  were dissected  between  the  point  where 
they  leave the  spinal  cord  and  the  trifurcation  in  the 
lower thigh.  Nerves were  slightly  stretched  onto index 
cards and were cut into six or seven 3-mm segments from 
the  proximal  end.  Segments  from  the  left  nerve  and 
random  segments  from  spinal  cord  and  liver  were 
removed and  homogenized in  5  ml of chloroform:me- 
thanol,  2:1  vol/vol. A  Folch et al.  extraction (19)  and 
washings were carried out to separate an upper (aqueous- 
methanol) and lower (chloroform-rich) phase.  The upper 
phase  was  dried,  resuspended  in  l  ml  of  water,  and 
counted  in  l0 ml of Unisolve scintillation  fluid  (Koch 
Light,  Colnbrook, Bucks). The lower phase  was divided 
into two portions,  one of which  was  analyzed for lipid 
phosphorus  (7)  and  the  other  which  was  dried  and 
counted in a toluene-based liquid scintillation mixture. 
Isolation  of myelin  was  carried  out by  a  procedure 
similar to one described  by Norton and Poduslo (36). The 
segments (taken in pairs from the proximal end, i.e. 3 of 
6 ram) from the right sciatic nerve were each homoge- 
nized  in  a  motor  driven,  all-glass,  l-ml  homogenizer 
(Kontes  Glass  Co.,  Vineland,  N. J.) in 0.3  M  sucrose 
containing  l0 mM Tris-HC1,  pH 7.3. Sciatic nerve and 
spinal  cord  homogenates,  1-2  ml,  were  layered  on  a 
discontinuous gradient (6 ml of 0.32 M sucrose  over 8.5 
ml of 0.85  M  sucrose)  and  were  centrifuged at 75,000 
g for 30 min in an SW 27 Rotor (Beckman Instruments, 
Inc., Spinco Co., Palto Alto, Calif.). The myelin inter- 
face was  collected, homogenized  in  15  ml  of distilled 
water,  and  pelleted  at  15,000 rpm  for  15  min  (SS-34 
Sorvall Rotor, Dupont Instruments, Sorvall Operations, 
Newtown, Conn.). The myelin pellet was resuspended  in 
distilled  water  and  washed  twice  by  centrifugation  at 
10,000 rpm for l0 rain.  The supernate above the myelin 
interface and the supernate of the first water shock were 
pooled  and  pelleted at  40,000  rpm  005,000  g)  for 90 
GOULD AND DAWSON  Incorporation  of Newly Formed Lecithin  481 rain  to  give  a  "microsomal"  pellet.  The  0.85  M 
"mitochondria-rich" pellet from the initial  gradient was 
also  saved.  Subfractions pelleted from  distilled  water 
were extracted with chloroform-methanol and analyzed 
in  the same manner as described above for the whole- 
nerve segments. 
Direct  Nerve Labeling and 
Processing for A utoradiography 
Mice were anesthetized with halothane gas. The sciatic 
nerve was exposed in the mid-thigh region and 0.1-0.2 #1 
of  radioactive  [methyl-SH]choline (spec  act  10-16.5 
Ci/nmol) in  sterile saline was injected  slowly  into the 
nerve  according to the procedure of Hall and Gregson 
(25). The animals were awake and active within 2-5 min 
of the injection  and showed no impairment in movement 
from within a few hours of surgery up to time of killing. 
Frogs  were  anesthetized in  a  solution  of 0.35%  of 
MS-222 (Sandoz Inc., Hanover, N. J.) in tap water and 
the sciatic  nerve  was exposed and injected  in the same 
way as the mice. After injection,  the animals were rinsed 
in cold water; they recovered completely within 30 min to 
1 h and were kept in an aquarium at  18~  showing  no 
impairment of movement in the operated leg up to time 
of sacrifice. 
At  appropriate  times  after  injection,  animals  were 
sacrificed  and  segments of nerve around  the injection 
(6-8 ram) were dissected and immersed in a fixative  of 
3%  glutaraldehyde prepared Millonig's buffer, pH  7.2 
(26)  containing approximately 2  mM  choline chloride, 
and 2 mM phosphorylcholine, calcium  salt. The nerves 
were fixed for 2-4 h at 0-4~  and subsequently  washed 
by immersion in buffer at 0-4~  for 2 days. Nerve was 
postfixed in  1%  osmium tetroxide, buffered with  Mil- 
Ionig's buffer for 1 h, and dehydrated at room tempera- 
ture for  10  min each in  50%,  75%,  and  100% acetone 
(three times). After a  15-rain wash with propylene oxide, 
the nerves were immersed for 4 h in TAAB embedding 
resin (TAAB Laboratories, Reading, England) and then 
embedded  in  this  resin.  After  overnight  infiltration, 
blocks containing the nerve were polymerized at 60~  for 
24-48 h. 
Procedures  Developed  to Retain 
Labeled Lipid but not Water 
Precursors during Fixation 
and Embedding 
After microinjection, radioactive precursors are pres- 
ent  in  the  nerve at  high levels.  To  assist in  removing 
these,  unlabeled  choline  and  choline  phosphate  were 
included  in  the fixative  and buffer.  Repeated washings 
during 2 days proved necessary to reduce water-soluble 
radioactivity  to  well  below  that  of lipid  (Table  IB). 
Little organic-solvent  extractable radioactivity was liber- 
ated during these extended washings.  During the subse- 
quent postfixation, dehydration, and  embedding steps, 
losses of radioactive lipid were never greater than  10%. 
Acetone dehydration limited extraction of lipid radioac- 
tivity  to  10-20%  of that occurring during ethanol dehy- 
dration. Other workers have already noted that phospho- 
lipids in myelin are insensitive to acetone dehydration (2, 
11,  42).  Low  viscosity,  TAAB-embedding resin  infil- 
trated the tissue rapidly and effectively  without solubi- 
lizing  radioactive  lipid  (Table  IA).  Both  epon  and 
araldite, which were initially used as embedding agents in 
conjunction with  propylenr  oxide,  caused considerable 
extraction of lipid-soluble  radioactivity. 
Osmium  tetroxide  postfixation  was  used  routinely. 
Although this treatment makes only a small percentage 
of the radioactive lipid insoluble in chloroform to metha- 
nol (C  vs.  B),  appreciable interaction of osmium with 
soluble lipid takes place.  When the chloroform to meth- 
anol soluble material is chromatographed on thin layer, 
the label  migrates slower than nonosmium-treated con- 
trol. This postfixation apparently reduces displacement 
of the lipid in the tissue during dehydration and/or em- 
bedding  (Dr.  Paul  H.  Patterson,  Harvard  Medical 
School, personal communication), but leads to a negative 
chemography by causing bleaching of silver grains over 
myelin tracts. This chemography could only be elimi- 
nated with an intervening carbon film between tissue and 
emulsion. 
In  summary,  the  bulk  of  the  radioactivity  in  the 
embedded tissue is  associated with  lipid  and  not  with 
water-soluble metabolites. During fixation, dehydration, 
and embedding procedures, water-soluble precursors are 
selectively removed from the nerve (Table ID). 
Preparing A utoradiographs for Light 
and Electron Microscope 
Segments of nerve 1-2 mm long were oriented to cut 
transverse sections. For the mouse, sciatic nerve samples 
taken from animals at 20 rain,  at  1, 2, 4, and 6 h, and at 
1, 4,  19, and 35 days after injection  were prepared. For 
the frog, samples taken at 4 and 8 h, and at 1, 4, 8, and 15 
days after injection  were prepared. 
Several animals had been injected for each sampling 
time.  Light  and  electron  microscope autoradiographs 
were prepared from one or two segments of nerve from 
each animal. Analyses were limited to one animal based 
on (a) high ratio of lipid to water-soluble counts in tissue, 
(b)  adequate  radioactivity  in  the  tissue,  and  (c)  good 
tissue morphology. 
For light microscope autoradiography 0.5-1 ~m thick 
sections were  cut  and  transferred to  glass microscope 
slides. These slides were carbon coated before dipping in 
a  1:1  dilution of llford K-2 nuclear emulsion. Several 
exposures were made for each tissue  block.  After expo- 
sure for l wk to 4 mo, slides were developed with Phen-X 
developer and then stained with 1% Azur 11  in distilled 
water. 
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Extraction of Lipid and Water Soluble Radioactivity during Fixation, Dehydration and Infiltration 
Fixed at 35 days 
Fixed at 20 rain after  after [~H]choline 
Mouse sciatic  nerve  [SH]choline inj.  inj. 
dpm  dpm 
(A) Radioactivity liberated into solutions: 
Glutaraldehyde fixative (2 h) 
Buffer washes 
Acetone, propylene oxide dehydrations 
TAAB embedding resin 
(B)  Distribution  of radioactivity in  fixed  tissue after 2 days 
washing (2 mm analyzed) 
Chloroform phase 
Aqueous phase 
Chloroform:methanol  extracted pellet 
(C) Distribution of radioactivity in  fixed tissue after washes, 
postfixation in osmium tetroxide, dehydration, and infil- 
tration (2 mm analyzed) 
Chloroform phase 
Aqueous phase 
Chloroform:methanol  extracted pellet 
(D) Estimations of lipid and aqueous radioactivity in embedded 
tissue (based on total 6 mm length) 
Chloroform phase 
Aqueous phase 
% of Radioactive lipid extracted 
% of Aqueous label extracted 
1,064,670  45,470 
148,440  19,000 
2,050*  730* 
300*  120" 
41,500  (97%)  64,080  (91%) 
1,190 (3%)  5,980  (9%) 
20  20 
32,910  (75%)  57,330  (94%) 
2,500  (6%)  1,380 (2%) 
8,330  (19%)  2,590  (4%) 
125,000" (95%)  182,000" (96%) 
6,000* (5%)  8,000* (4%) 
2.0%  0.5% 
99.5%  89% 
* Calculations made for 6 mm length of nerve assuming equal distribution of radioactivity along the nerve. 
Sciatic nerve segments between 6-8 mm long were dissected from mice after 20 rain and 35 days and were immersed in 
fixative  for 2 h (4~  During the procedure portions of fixative  solution and various washes were either counted 
directly (A) or after separation into aqueous and organic soluble  fractions. Radioactivity in the dehydrating and 
infiltrating solutions are corrected for segments removed (A). After the buffer washes,  l-mm pieces were cut from the 
ends of each nerve homogenized in chloroform:methanol (B). An insoluble  residue was separated by centrifugation. 
The residue  was  reextracted with chloroform:methanol. The pooled chloroform:methanol extract was washed with 
saline and portions of upper aqueous and lower chloroform phase were counted. The residue was solubilized in NCS 
solubilizer  and counted. 
The remaining nerve was postfixed in 1% buffered osmium tetroxide, dehydrated with acetone and infiltrated with 
TAAB embedding resin. Before polymerization additional l-mm pieces were severed (C) from the tissue and extracted 
as described above.  The remaining 2 mm of each nerve were embedded for the autoradiographic study. 
Estimations of radioactivity in total 6 mm of nerve (D) were used to calculate percentages of radioactive lipid and 
water-soluble precursors extracted during fixation, dehydration, and infiltration. These calculations were based on the 
observations that  radioactivity in  the fixative  solution and  buffer wash  is largely  water soluble  and  radioactivity 
extracted into the acetone and TAAB resin is largely chloroform soluble (A). Percentage values (given in parentheses) 
express the distribution of label in fixed nerve between chloroform soluble, aqueous soluble, and chloroform:methanol 
insoluble. 
For electron microscopy, sections colored pale gold to 
gold  by  interference  were  cut  and  placed  on  0.8% 
collodion-coated microscope slides.  The  sections were 
stained  for  10  min  with  2%  uranyl  acetate  in  0.1  M 
maleate buffer pH 4.2,  and for 1-4 min with  Reynolds 
lead citrate (40). After carbon coating, the sections were 
covered, by  a  dipping procedure, with  a  monolayer of 
llford L-4 nuclear emulsion; these were exposed at 4~ 
for periods of 2 wk to 4 mo and developed with freshly 
prepared ID  19 developer for 3 min. Several exposures 
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then floated onto a water surface, grids were placed over 
the sections, and the film was picked up onto filter paper 
and  dried.  Uninjected  and  saline-injected  nerves were 
used as controls to evaluate background. Some experi- 
mental  slides  were  fogged  before  development to  test 
latent image fading. With carbon coating of slides,  and 
exposures in light-tight boxes at -20~  the background 
radioactivity was very low (usually less than 1 grain/500 
#m2),  and  no  negative  chemography  or  latent  image 
fading was observed, even in exposures of 4 mo. 
Although most grids were prestained with both uranyl 
and lead stains, some experimental slides were exposed 
without prestaining.  Poststaining procedures were only 
successful after washing the grids with butan-l-ol for 3 
min.  Quantitative  analysis  of  these  poststained  grids 
demonstrated grain densities identical to the prestained 
grids. 
A nalysis of Electron 
Microscope  A utoradiographs 
Grids containing labeled sections were examined with 
either a Siemans Elmiskop IA or a Philips 300 electron 
microscope.  Areas  were  selected  having  the  least 
amounts  of  other  cellular  structures,  such  as  large 
blood vessels and perineurium, and were photographed at 
a  constant magnification of 3,000.  Prints were made of 
negatives containing between 30 and 250 grains on 8  ￿ 
10 in or  11  ￿  14  in paper at  a  final magnification of 
10,000. 
Photographs containing between  50  and  200  grains 
were chosen for analyses. Between 8 and 18 photographs 
were analyzed for each sampling time (4,000 #m 2-10,000 
#m  ~, total area). Greater than 800 grains and circles were 
used in each analysis and were classified into primary and 
junctional items (Table 11) according to the procedure of 
Williams (55,  56). The "random circle" grids employed 
in the analyses had a diameter of 2.5 mm and were placed 
in a quatratic array 15 mm apart on a sheet of clear stiff 
plastic (16 columns  ￿  13 rows).  At a  magnification of 
10,000,  these circles (diameter of 2,500  A) surrounded 
most of the developed grains. Their size  was chosen to 
reduce  the percentage of grains classified in junctional 
areas and  maximize the number of subdivisions of the 
large  caliber  myelin  fibers,  although they  had  only  a 
25-30% probability of enclosing a point source (56). 
Only grains circumscribed with circles, or circles lying 
exclusively  over  myelin,  were  classified  in  one  of the 
myelin subclassifications (I to 5). Grains associated with 
myelin were  classified arbitrarily in category  1 if their 
centers were within 2.5 mm of the myelin/Schwann cell 
interface or myelin/extracellular space interface, in cate- 
gory 2 if their centers were between 2.5  5.0 mm from the 
outer myelin lamellae, in category 3 with centers 5.0-7.5 
mm from the outer lamellae, etc. The small percentage of 
grains  found  lying over Schmidt-Lantermann clefts or 
between these clefts and the myelin/axon boundary were 
not subclassified, but only classified as originating from 
the  myelin.  The  higher  proportion  of  random  circles 
found in categories  l  and 2,  compared with 3, 4  and 5 
reflect  the  contribution  of  small  caliber  fibers  which 
would  not  possess  higher  numbered  categories.  The 
greater proportion of random circles in category 2 vs.  1 
reflects  the  junctional  regions  (myelin/Schwann  and 
myelin/extracellular) which reduce the number of circles 
(and  grains) considered  in  category  1 (Table  I1).  The 
grain densities (G/C) were tabulated after normalizing 
total  grains  (G)  to  equal  total  random  circles,  and 
Chi-square  analyses  were  carried  out  to  assess  the 
significance of the distributions (6, 55, 56). 
RESULTS 
Comparison  of Phospholipid Labeling 
in Liver and Nervous  Tissue after 
Intraperitoneai  Injection 
of Precursors 
s2Pi  labeling  (Table  Ill)  of  liver  phospholipids 
peaked  rapidly  and  declined  over  the  following 
days,  commensurate  with  rapid  turnover and ex- 
haustion  of  radioactive  precursor  (not  shown). 
Labeling  of  nervous-tissue  phospholipids  was 
markedly  poorer  than  that  of  liver;  the  specific 
radioactivity  became  maximal  only  after  some 
days.  When  the  sciatic  nerve tissue  was  subfrac- 
tioned on  a  discontinuous sucrose gradient, phos- 
pholipid labeling of the myelin fraction was consid- 
erably  slower than that of whole  nerve and other 
fractions,  although  by  8  days  labeling  of  myelin 
matched that of nerve phospholipids (see also Fig. 
l). 
Tritiated  choline (Table  IV) was  also  incorpo- 
rated into nervous tissue phospholipids much more 
poorly  than  into  liver.  Whereas  the  extent  of 
labeling in liver peaked by  l  day postinjection, the 
labeling of myelin-rich nervous tissue took  longer 
to  become  maximal.  Even  after  34  or  35  days, 
when  the  levels  of  label  in  liver  and  blood  were 
extremely low,  label persisted in nervous tissue to 
at  least  25  33%  of maximum.  Some  variation in 
labeling may  be due  to differences  in the  ages of 
the animals at the time of injection (Table IV). The 
lower labeling in nerves and cord of the 2, 4, and 8 
day,  vs.  l  day  animal,  may  reflect  a  decreased 
metabolic rate in the older animals (50). 
An  examination  of  myelin  from  central  and 
peripheral  nerve  showed  that  labeling  in  these 
structures was retarded compared with other sub- 
fractions or whole nerve. However, by 8 days, label 
in myelin phospholipids approached  that in whole 
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 TABLE  II! 
Specific  Activities of Phospholipids  in Tissues and Sub  fractions after Injection  of 32Pi(i.p.) 
Sciatic nerve 
Tissue  sub  fractions 
Time after 
injection  Liver  Spinal cord  Sciatic nerve  Myelin  Pellet 
%  of total 
(dpm/~g lipid P)  homogenate 
3h  46,600  +  1,055(2)  1,221  •  418(2)  846  •  250(6)  45  115 
2days  20,950  •  1,505 (2)  3,942  +  2,505 (2)  3,305  •  276(6)  63  88 
4days  18,150  •  1,039(2)  3,630  •  184(3)  2,962  •  163(6)  72  161 
8days  9,682  •  140(2)  5,009  •  28(2)  4,680  •  301(6)  96  89 
Four female mice were each injected i.p. with 200 ~tCi of s2Pi (spec act at time of injection, 95 Ci/mg phosphorus). At 
3 h  (23.2 gm), 2 days (26.6 g), 4 days (33.4 g), and 8 days (16.5 g) one animal was weighed and sacrificed. Values for 
the tissue are recalculated to an animal weight of 25 g. Error is calculated as standard deviation for numbers of tissue 
samples enclosed in parentheses. Values for the sciatic nerve subfractions (left leg) are averages of three samples each 
and are expressed as percentages of total sciatic nerve homogenate (determined on  right leg). 
TABLE  IV 
Activity of Choline Phospholipids  in Tissue and Subfractions after Injection  of Radioactive  Choline (i.p.) 
Tissue  Sub  fractions 
Myelin  Microsomes  Pellet  Time 
after 
injection  Blood  Liver  SC  SN  SN  SC  SN  SC  SN  SC  Age  Wt. 
(dpm/uglipidphosphate) 
10h  --  12,068  ,  2,097  172  •  47  227  ~  97 
I day  --  29,031  ~  5,099  600  •  108  522  •  94 
2days  5,134  •  692  5,458  •  452  279  •  58  106  •  32 
4days  4,156  •  779  3,274  •  1,095  442  •  84  215  •  175 
8days  2,211  •  256  1,423  •  371  445  •  50  193  •  39 
34 days  230  ~  40  53  •  4  312  •  35  260  •  66 
35 days  178  •  40  40  ~  22  156  •  18  172  •  34 
(%oftotalt~sue activity)  days  g 
1  37  13  88  39  354  67  38.5 
27  54  57  22  37  163  68  33.1 
46  32  490  149  261  189  118  43.6 
39  32  34  40  67  161  120  39.6 
93  60  33  31  41  201  124  43.7 
120  105  78  52  31  125  78  40.2 
103  74  47  48  46  143  79  37.8 
Male mice (2-4 mo old) were injected intraperitoneally with 200 tzCi of [methyl-SH]choline (spec act  10 mCi/mmol). At indicated 
times after injection one animal was killed and tissues were dissected and prepared as described in methods. Standard error calcula- 
tions for tissue were based on six sciatic nerve segments, three spinal cord and liver samples, and two blood samples. For the subfrac- 
tion results are expressed as percentages of activity in tissue homogenates. Ages and weights are recorded at time of sacrifice. Tissue 
values are normalized to an animal of 35 g at time of death. 
nerve in  both CNS  and  PNS tissue (See also Fig. 
1).  Label  persisted  in  the  myelin;  at  35  days,  it 
remained at near maximal levels. By this time the 
radioactivity  in  the  other  subfractions  (on  a  per- 
centage-of-total-homogenate  basis)  was  signifi- 
cantly lower than at earlier times and in myelin. 
Phospholipid Labeling along Sciatic 
Nerve after Intraperitoneal  Injection 
of Phospholipid  Precursors 
One possible explanation for the retarded incorpo- 
ration  of  precursor  phospholipid  into  both  PNS 
and CNS  myelin could be the limitations imposed 
by  a  slow  axoplasmic  transport  from  sites  of 
synthesis  in  the  neuron  to  the  myelin  sheath.  In 
order to  investigate  this  possibility  incorporation 
of  label  into  the  peripheral  nerve  and  myelin 
subfraction  was examined along its length. 
The  intraperitoneal  route  is  not  the  best  for 
obtaining  good  labeling  of  nervous  tissue  (28); 
especially  charged  precursors  such  as  phosphate 
and  choline  penetrate  the  tissue  rather  slowly. 
However,  one  advantage  of  this  route  is  that  it 
probably  does  not  favor  labeling  in  peripheral 
neuronal perikarya of spinal cord and dorsal  root 
ganglia over glial cells along the nerve. Both fast- 
and  slow-transport  systems  are  characterized  by 
the  labeling  of  proximal  (closer  to  the  cell body) 
before distal portions of the nerve (13,  33). Thus, 
486  THE  JOURNAL  OF  CELL  BIOLOGY  ￿9 VOLUME  68,  1976 transport  of  phospholipids  to  myelin  should  be 
apparent,  at some appropriate  time after a  pulse, 
as  a  higher  labeling  in  proximal  relative to distal 
portions  of  the  nerve.  By  use  of  both  s2Pi  and 
[SH]choline as precursors, the distributions of label 
in sequential segments of nerve and myelin isolated 
from corresponding segments were examined (Fig. 
I).  At 2 days after the injection, the phospholipid 
labeling  of  the  total  nerve  segment  was  high 
compared  to that  of myelin with both  precursors. 
By 8 days,  the activity (~tg lipid P) in segments of 
the  whole  nerve  had  increased  marginally,  while 
the  activity  in  the  myelin  phospholipids  had  in- 
creased to almost the same level, indicating move- 
ment  of  labeled  lipid  into  myelin  from  other 
membranes  of  the  nerve.  No  major  differences 
were  seen  between  proximal  and  distal  areas,  at 
these times or at the  other  times examined (from 
Table  Ill and  IV). 
Labeling of Phospholipids in  the 
Nerve Fibers after Local Injection 
The  levels  of  radioactive  lipid  present  in  mouse 
sciatic  nerve  after  intraperitoneal  injection  of 
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FIGURE 1  Distribution of radioactive lipids along length 
of nerve  and  myelin  after  intraperitoneal  injection  of 
precursors.  Mice were injected with ['P]inorganic phos- 
phate  (upper  graphs)  or  [+H]choline  (lower  graphs) 
precursors.  After 2 and  8 days animals were  sacrificed 
and  the  activities on  a  /zg  lipid  phosphate  basis  were 
measured  from  lipid  isolated  from  consecutive  3-mm 
segments removed from the right sciatic nerve (O--O). 
Myelin  was  isolated  from  6-ram  segments  of the  left 
nerve,  and  activities were  measured  of lipid  extracted 
from the washed  myelin pellet (x---x). The initial seg- 
ments (0-3 mm) begin  within  1-2 mm from where the 
spinal nerves leave the vertebrae of the cord and continue 
in a distal direction. 
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FIGURE 2  Distribution  of radioactive choline in phos- 
pholipids  after microinjection. Labeled [*H]choline  was 
introduced into the sciatic nerve of both mice and frogs 
by a  microinjection procedure. The animals were sacri- 
ficed  and  6-mm  segments  around  the  site  of injection 
were removed and  fixed  in  glutaraldehyde.  2-ram  seg- 
ments  from each end of the nerve were removed after 
washing the nerves in buffer, and  were homogenized in 
chloroform:methanol  (2:1  vol/vol).  After  two  Folch 
washes  (18),  portions  of  the  chloroform  phase  were 
spotted  on  silica  gel  H  plates  and  chromatographed 
(chloroform:methanol:7N  ammonium  hydroxide: 
(69:27:4.5).  All  radioactivity  was  recovered  in  spots 
corresponding  to  lecithin  (PC)  and  sphingomyelin 
(SPH). After subtraction of blanks,  percentage distribu- 
tions were calculated and  were  plotted  for both mouse 
nerve  (O--O)  and  frog  nerve  (x---x).  Vertical  bars 
represent  spread  between  two  separate  nerve segments 
from the same animal. 
precursor proved insufficient for autoradiographic 
study. Local injection of [all]choline into the nerve 
proved  satisfactory  for  autoradiography,  but  did 
not give reproducible levels of incorporation, prob- 
ably because  of variations in tissue geometry and 
blood  supply,  rate  and  amount  of  material  in- 
jected,  and  a  certain  amount of unavoidable back 
leakage.  Because of this difficulty, no attempt was 
made to determine absolute grain density changes 
in  relation  to  the  sampling  time.  The  highest 
labeling  was  always  recorded  at  the  site  of  the 
needle tip, with a  sharp drop at about 3-4 mm on 
either side of the injection site. 
Lipid-soluble  radioactivity  in  mouse  nerve was 
predominantly in lecithin, greater than 95% in the 
first  hours,  and  around  80%  at  later  times .(Fig. 
2). Even after the longest time period, 35 days after 
injection, the distribution  of label between lecithin 
(80%) and sphingomyelin (20%) remained more or 
less as at  12 days, although in peripheral nerve (45) 
GOULD AND DAWSOI~  Incorporation  of Newly Formed Lecithin  487 and peripheral  myelin (37,  Gould, Jacobson and 
Dawson, unpublished), the levels of sphingomyelin 
have been demonstrated to be higher than or equal 
to the levels of lecithin. The preferential labeling of 
lecithin  compared  with  sphingomyelin was  even 
more pronounced in frog sciatic nerve (Fig. 2). 
Observations of Labeling Patterns 
from Light and Electron 
Microscope A utoradiographs 
Autoradiographs  were  prepared  from  nerves 
fixed  at  various  times  after  local  injection  of 
[SH]choline.  It  was  hoped  that  very short  times 
would  localize  the  sites  of  radioactive  choline 
incorporation into lecithin, and  that  later  times 
would  provide  information on  slower  processes 
involved in the transport of this label into myelin. 
Frog sciatic nerve as well as mouse nerve was used 
for these studies, since preliminary in vitro experi- 
ments had indicated an incorporation of label into 
frog nerve phospholipids and the transfer of these 
into myelin (24). 
At the earlier times examined, e.g.,  20 min in 
mouse (Fig. 3 A, B), labeling was heavily concen- 
trated  in regions of Schwann cell cytoplasm (ar- 
rows)  near the level  of the Schwann nucleus, but 
not over the Schwann nuclei (n).  Heavy labeling 
was not confined to Schwann cells, but could be 
seen in other  regions such  as blood vessels  walls 
F1GURE 3  Light  microscope autoradiographs of cross-section of mouse sciatic nerve fixed at 20 min after 
labeling with [SH]choline.  Exposure, 62 days; x  1,250. Symbols: Axon  (a), myelin (m), Schwann cytoplasm 
(arrow), Schwann nucleus (n), endoneurat (e), Schmidt-Lantermann cleft (s), blood vessel (b), perineurial 
cell layer (p). Bar represents 10/am. Dark bands over some selected areas of myelin are staining artefacts. 
488  TnE  JOURNAL  OF  CELL  BIOLOGY ￿9 VOLUME  68,  1976 FIGURE 4  Electron microscope autoradiographs of cross-section of mouse sciatic nerve fixed 20 min after 
labeling with ['H]choline.  Exposure 27 days. (A) x  5,300; (B) x  6,600; (C)  ￿  5,300; (D)  ￿  6,600. Bar 
represents  1 #m. 
(Fig. 3 A and B, symbol b), perineurium (Fig. 3 B, 
symbol p), and  probably endoneural cells (Fig. 3 
A, B, symbol e). Negligible labeling was seen over 
axons (a), myelin (m) or in regions with Schmidt- 
Lantermann clefts (Fig. 3  B, symbol s). 
These  observations were confirmed at the elec- 
tron  microscope  level,  where  silver grains  were 
localized  in  Schwann  cell  cytoplasm  excluding 
nuclear regions (Fig. 4 A), and in regions of blood 
vessel walls (Fig. 4  B), regions with endoneurium 
and epithelial cell cytoplasm (Fig. 4 C), and areas 
surrounging  the  fibers  composed  of  perineurial 
cells (Fig. 4  D).  At  these early times labeling in 
myelin,  axons  (Fig.  4  A-D),  and  regions  of 
Schmidt-Lantermann  clefts  (Fig.  4  A)  was  not 
significant. 
At intermediate times, the labeling in Sehwann 
cell cytoplasm was still quite high (Fig. 5 A and C), 
although  much  denser labeling appeared over the 
myelin.  In  a  very  few  instances,  perhaps  where 
nerves  were  degenerating  (Fig.  5  A,  symbol  d), 
heavy  labeling was  noticed  over  the  axon.  Most 
axons  appeared  relatively  free  of  label  (Fig.  5 
A-C). Some labeling over unmyelinated fibers was 
observed at intermediate times (Fig. 5 B) and label 
present  in  the  perineurium  at  earlier  times  per- 
sisted  (Fig.  5  B).  Some  labeling appeared at  the 
myelin/axon interface (Fig. 5  B-C,  arrowheads), 
which  may  be  related  to  an  adaxonal  synthesis 
(39). 
At much later times after injection, as at 35 days 
in  mouse  nerve  (Fig.  5  D),  label  was  heavily 
GOULO AND DAWSON  Incorporation of Newly Formed Lecithin  489 FIGURE 5  Light and electron microscope autoradiographs of transverse sections of nerve fixed at 1 day (A, 
B, and C) and 35 days (D, E) after injection. (A) Light micrograph exposed for 62 days.  ￿  2,000.  (B) EM 
autoradiograph  exposed  for  73  days.  x  5,300.  (C) Same  as  B.  x  12,800.  Symbols as in  Fig.  3,  plus 
degenerating nerve (at), unmyelinated fiber (u), thinly myelinated fibers (t) and remyelinating fibers (r). 
Arrow heads (B and C) represent grains at or near myelin/axon interface. Bars (A, D) represent 10/~m, and 
(B, C  and E) represent 1 um. 
490 concentrated over  thickly  myelinated fibers  (m) 
and very little was present anywhere else.  Regions 
of Schwann cell cytoplasm (arrows), blood vessels 
(b),  thinly myelinated (t),  remyelinated fibers (r) 
and  unmyelinated fibers  (u)  showed  almost  no 
labeling at all. These results were also apparent in 
electron  microscope  autoradiographs (Fig.  5  E), 
where labeling was  found largely confined to the 
myelin of  large  caliber  fibers,  and  not  in  cyto- 
plasm. 
Quantitation  of the Labeling of the 
EM A utoradiographs 
Sample analyses of data taken from mouse nerve 
fixed  at  20  rain and  35  days  after  injection are 
presented  in  Table  II.  The  morphological cate- 
gories chosen for the analyses are listed in the left 
hand column (Item). Categories  1-7 are discrete 
areas of the nerve: grains and circles localized to 
one  item  were  expressed  here.  Categories  8-14 
include grains and circles overlying more than one 
major category. 
A comparison of an early and late sampling time 
reveal marked changes in grain density over many 
of the items. In the Schwann cell cytoplasm (item 
3), the label starts with high density, 7.12, and falls 
to 0.61.  In the myelin (item 2),  label begins low, 
0.58,  and  rises  to  substantial density,  2.44.  The 
change in label density of the junctional regions fell 
usually  between  the  densities of  the  component 
part, i.e., those items with Schwann cell cytoplasm 
decreased,  and  those  with  myelin increased.  No 
analysis of these junctional  elements was made (55, 
56)  to test  if augmented grain densities could be 
related  to  specific  thin  membrane  areas  as 
Schwann  outer  plasma  membrane  or  adaxonal 
plasma  membrane.  Grain  densities  in  regions 
adjacent  to  highly  labeled  sources  are  probably 
elevated due to scatter from the "hot" sources. For 
example,  junctional regions  of  Schwann/myelin 
and Schwann/extracellular space  are elevated at 
early times relative to myelin/extracellular space, 
due largely to the "'hot" Schwann cytoplasm. 
A  more  informative picture of formation  and 
movement of lecithin is  obtained by considering 
labeling intervals between 20 min and 35 days in 
mouse nerve, or 4 days and  15 days in frog nerve 
(Tables V and VI). As few grains and little surface 
area were  recorded in categories such as Schwann 
cell nucleus and other cells,  e.g.  endoneural cells, 
changes in these densities were not included in the 
tables. Junctional items were also eliminated from 
this  table  because changes associated  with them 
most probably reflect changes of their component 
elements.  In the  mouse, small decreases in cyto- 
plasmic  labeling were  observed  in the  first  day, 
with marked decreases occurring at later times. In 
the  frog  nerve,  at  times earlier than 4  days,  the 
labeling  was  highly  localized  in  Schwann  cell 
cytoplasm. At 4 days, the label in frog Schwann- 
cell cytoplasm was  still considerable, although a 
marked decrease occurred over the ensuing 4-day 
period.  In both  mouse and frog  nerve regions of 
TABLE V 
Grain Density Distributions of a Sequence of E. M. Autoradiographs Demonstrating Movements of 
Choline-Lipids within Peripheral Nerve 
Mouse  Frog 
Time after injection:  20 rain  1  h  4 h  1  day  4 day  35 day  4 day  8 day  15 day 
Major items: 
Schwann cytoplasm  7.13  4.95  6.72  4.90  i.35  0.62  9.50  1.86  1.50 
Axon  0.18  0.25  0.25  0.36  0.39  0.45  0.19  0.23  0.33 
Myelin  0.59  0.72  0.81  1.50  1.51  2.43  1.04  !.41  1.38 
Unmyelinated fibers  1.12  1.88  2.83  1.20  0.92  0.24  1.25  0.89  0.92 
Extracellular  0.91  0.67  0.71  0.63  0.825  0.25  0.99  0.67  0.57 
space (E.C.S.) 
Significance  0.001  0.001  0.001  0.001  0.001  0.001  0.001  0.001  0.001 
Analyses of electron microscope autoradiographs are presented for mouse and frog nerves fixed at indicated times 
after the injection. Several categories containing less than 5% of the grains and/or random circles as well as all 
junctional items have been eliminated to simplify this table. The results are expressed as normalized grain densities, 
and are based on results from grains and circles only associated with the listed categories. 
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Grain Density Distributions of a Sequence of E. M. A utoradiographs Demonstrating a Movement of 
Choline-Lipids into and across Myelin Sheath 
Mouse  Frog 
Time after injection: 20 min  1 h  4 h  I day  4 day  35 day  4 day  8 day  15 day 
Major items: 
Schwann/ECS  3.5  2.5  2.0  1.1  1.4  0.3  2.3  1.1  0.8 
Myelin/ECS  1.1  1.2  1.5  0.9  1.1  0.7  1.5  0.9  1.0 
Myelin/Schwann  3.7  2.4  2.2  2.3  1.4  1.0  2.2  1.9  1.5 
Myelin classes 
1 (outer)  1.5  1.0  1.4  1.4  1.0  1.0  1.6  1.2  1.3 
2  0.9  0.6  0.7  1.3  1,0  1.4  1.2  1.3  1.2 
3  0.4  0.4  0.2  0.8  1.0  1.4  0.6  1.0  0.9 
4  0.1"  0.3*  0.2*  0.9  0.9*  1.5  0.2  0.6  0.9 
5 (inner)  0.6  1.4  0. I  0.6  0.8 
Myelin/axon  0.4  0.3  0,4  0.4  0.7  0.7  0.4  0.7  0.6 
Analyses are presented as in Table V. Normalized grain densities were calculated from only those categories which 
would reflect a movement of label into and across the myelin lamellae. 
* Values recorded in c~ tegories 4 and 5 were combined because of limited number of large caliber fibers examined. 
high labeling were densely covered with grains at 
the  early  sampling times.  Overexposure  in these 
regions probably resulted in an underestimation of 
their grain density. 
Significant labeling of myelin is  noted even at 
the shortest labeling times. The grain density over 
myelin increased  to  become  the  highest  labeled 
component at 35 days. In the frog nerve, increases 
in labeling in myelin are less pronounced. Changes 
in  other  major  items  are  less  striking compared 
with Schwann cell cytoplasm and myelin. Labeling 
over  unmyelinated fibers (mouse) peaked  at  4  h 
and  decreased  markedly  thereafter.  Slight  in- 
creases  noted in labeling of axon may be real or 
may be due to scatter from heightened labeling of 
inner myelin lamellae (see Table VI). 
For a more quantitative resolution of the label- 
ing  patterns,  myelin  was  considered  as  being 
divided into bands of 2,500 ~  thickness (Table VI), 
This value is similar to one chosen by Rawlins of 
1,600/~ (38 see 5, 43). The bands extend from the 
most exterior boundary of the myelinated fiber to 
the  myelin-axon boundary at  some cross section 
distant to a large area of Schwann cell cytoplasm. 
The  grain  density  decreased  with  time  in  the 
outermost regions of both the mouse (3.5-0.3) and 
frog  (2.3-0.8)  fibers and  increased in the deeper 
layers of the thick myelin sheaths. In the mouse, in 
layer 4 (farther than 7,500  ~  from the surface) no 
grains were  seen over the first 4 h, and increased 
labeling took place from 4 h to the maximum time 
considered,  35  days.  Even  at  I  day,  labeling in 
outer layers (I and 2) was increased compared with 
inner layers.  In the frog, the label in layer 5 was 
still negligible at 4 days and then increased mark- 
edly at 8  15 days. Increases in grain density in the 
myelin/axon junction and in axon (Table V) may 
be a result of this inward movement. 
DISCUSSION 
The concept that the myelin sheath is formed from 
a  proliferation  of  Schwann  (glial)  cell  plasma 
membrane originated with the pioneering electron 
microscope studies of Geren (22)  and  Robertson 
(41).  More  recently,  Friede and Samorajski (21) 
and Webster (54) have done careful morphological 
investigations which  suggest  that  growth  of  the 
myelin sheath  occurs  at  the  region of the  outer 
mesaxon. Biochemical studies of lecithin metabo- 
lism  in brain (28,  31,  50)  and tissue culture (27) 
have  indicated  that  myelin  metabolism  of  this 
component does not cease in the adult. The studies. 
presented  here  suggest  that,  in peripheral nerve, 
lecithin  formed  in  the  Schwann  cytoplasm  is 
transferred into myelin through outer layers of the 
sheath.  This result is  consistent with  the concept 
that  turnover  of  myelin  constituents,  such  as 
lecithin, may be mediated through the outer mes- 
axon  or  through  the  surfaces  of  Schwann  cell 
plasma membrane adjacent to this structure and in 
contact with both compacted myelin and Schwann 
cell cytoplasm. 
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movement  of lecithin  rather than,  perhaps  more 
correctly, to the movement  of 3H-choline-labeled 
phospholipids. In the shorter term labeling studies, 
certainly over 90%  of the  labeling observed is in 
lecithin.  Even  at  35  days the  activity present  in 
sphingomyelin had not risen greatly (Fig. 2).  The 
slower rate of turnover of sphingomyelin which we 
observed  in  PNS  myelin  parallels  the  slower 
turnover of sphingomyelin as compared with leci- 
thin  in CNS myelin (29, 50). 
It should also be emphasized that the degree of 
labeling of a  component observed in  a  particular 
area  of an  autoradiograph  depends  both  on  the 
rate  of  turnover  and  concentration.  Thus,  the 
comparative absence  of labeling of choline phos- 
pholipids in a particular region could be a result of 
either  a  much  slower  turnover  of the  lipid or  a 
dearth  of such  lipid in  a  particular area,  so that 
even rapid turnover would not result in appreciable 
labeling.  Nevertheless,  changes  in  labeling  in  a 
region in serial autoradiographs do indicate a  net 
movement or exchange of lipid material to or from 
the  area,  although  in  areas  of low  phospholipid 
content labeling would not be observed unless very 
high levels at radioactivity were produced in these 
areas. 
Lecithin synthesis is likely to occur largely in the 
endoplasmic  reticulum.  Transfer  to  other  mem- 
branes  and  organelles  is  probably  mediated 
through  soluble lipoprotein factors present in  the 
cell sap. Studies in brain have demonstrated these 
factors (35,  37) but the transfer to phospholipids 
from isolated brain microsomes to myelin particles 
has  not  been  demonstrated  (35).  If the  transfer 
process  is  confined  to  a  limited  region  of  the 
sheath, as the mesaxon, and subsequent incorpora- 
tion  into  the  sheath  is  accomplished  largely 
through  lateral  diffusion of molecules along  the 
lipid bilayers of the sheath, then this could explain 
the lack of success of biochemical studies attempt- 
ing  to  demonstrate transfer  between  microsomes 
and myelin. 
Lateral  diffusion  studies  by  Kornberg  and 
McConnell (30) provided information on velocities 
for  phospholipids  in  the  plane  of  a  bilayer  of 
greater than 0.05 ~m/s.  In recent studies (16, 32, 
44),  lateral  diffusion  constants  for  spin-labeled 
phospholipids have been determined to be 2  20  ￿ 
10 -8 cm2/s at 40~ 
For  lecithin  molecules  entering  myelin  from 
outer  Schwann  cell cytoplasm, diffusion through 
the  sheath  will  depend  on  the  linear  distance 
inward (d) and the time (t~) in which the labeling in 
the  innermost  layers attains one-half the level of 
the outer layers. According to Dainty and  House 
(14),  the diffusion constant,  D, can  be calculated 
as, D  =  0.38d*/t,. For the largest axons having a 6 
vm  diameter,  this distance  is  4  ￿  10  s  /~m  (54). 
Table VI shows half-times for the mouse nerve to 
be  i  day,  and  for  the  frog  nerve  to  be  8  days, 
corresponding to diffusion constants of 70 ￿  10 -a 
cm2/s  and  9  ￿  10 -8  cm~/s.  These  values  are 
probably overestimates because the distances for 
most  myelin sheaths  would  be less than 4  ￿  l0  s 
/~m, and the diffusion is dependent on the square of 
this  term.  Additional errors  may  be  introduced 
because the  quantitative analyses did not  include 
correction  for  scatter,  and  because the  values of 
grain density at the outermost surface (Table VI, 
category  I) is evaluated from data on  sheaths of 
widely varying  sizes.  Nevertheless,  our diffusion 
constants  for  lecithin  are  compatible with  those 
reported for lecithin in  bilayers and sarcoplasmic 
reticulum (16, 32, 44). 
The mechanism of lecithin uptake by peripheral 
nerve  myelin  appears  to  be  different  from  the 
mechanism  of cholesterol  uptake  (39).  Using  re- 
fined  autoradiographic  methods,  Rawlins  (38) 
found that preformed cholesterol entered the mye- 
lin  membrane  from  both  the  Schwann  cell  and 
axolemma  regions  in  10-day  old  mice.  He  con- 
cluded furthermore that  cholesterol was incorpo- 
rated  into  the  sheath  so  rapidly that,  within  3 h 
after injection, it was equilibrated throughout the 
lamellae of even  the  largest fibers. One  possible 
explanation  for  his  finding  is  that  in  developing 
animals  the  amount  of Schwann  cell  cytoplasm 
inside the myelin is greater than  in the adult and 
label is exchanged through the region of the inner 
mesaxon  as  well  as  the  outer  mesaxon.  The 
distances the label would have to move would be 
less than in adult animals. The rapid movement of 
cholesterol in the myelin membrane itself probably 
signifies a very rapid diffusion of this molecule into 
the membrane which is in line with much previous 
evidence  showing  rapid  exchangeability  of  this 
sterol  between  biological  lipoprotein  structures 
(10, 51).  In other studies Singer and his co-workers 
(46-48) have reported rapid movement of proteins 
and RNA across amphibian myelin. 
Rawlins  (38)  suggested  that  the  transaxonal 
incorporation  of  label  may  be  a  result  of  fast 
axoplasmic  flow.  Other  workers  (18,  23)  have 
considered  the  axonal  origin  of  specific  protein 
components  of  the  myelin  membrane,  although 
GOULD AND DAWSON  Incorporation  of Newly Formed Lecithin  493 Elam (18) restricted his studies to a specific myelin 
protein of goldfish optic nerve. Autilio-Gambetti 
et al. (4), have used differential labeling procedures 
to indicate that the major CNS myelin proteins are 
synthesized largely by glia elements, and are not of 
neuronal origin. 
Studies by Miani (33), and more recently by Abe 
et al. (i), have suggested a proximal-distal move- 
ment of phospholipids along the nerve. Our stud- 
ies, aimed at demonstrating axoplasmic movement 
of lecithin to myelin by measuring the distribution 
of label along the sciatic nerve after a nonspecific 
labeling procedure, indicate that this mechanism is 
at  most  of  minor  significance.  Supporting  this 
contention  are  unpublished  observations  (J.  S. 
Kelly and R. M. Gould) which have demonstrated 
very low levels of radioactive lipid along peripheral 
nerve  between  4  and  15  days  after  injection of 
[SH]choline  into  a  rat  cervical dorsal  root  gan- 
glion. 
Singer and co-workers (46-48) have used auto- 
radiography  results to  argue that  glia  cells  may 
contribute labeled  precursors  to  the  axons.  Our 
experiments have consistently shown only very low 
labeling of the  axonal phospholipids, although it 
must be admitted that with the low concentration 
of the lipids in axoplasm (17) the sensitivity of our 
procedure  may  not  be  sufficient to  demonstrate 
such  a  movement.  In  addition,  labeled  lipids 
entering  the  axon  may  be  transported  rapidly 
along the axon from the site of entry and not be 
recorded in autoradiographs prepared near the site 
of injection. The only times that we have observed 
high labeling in the axon was in nerves undergoing 
degeneration (Fig. 5 A). The high labeling during 
nerve degeneration should come under considera- 
tion when  measurements of distribution of label 
distal to a cut nerve are reported (46, 47). 
Singer (49) has postulated the possible involve- 
ment of the Schmidt-Lantermann cleft in facilitat- 
ing  the  movement  of  constituents  through  the 
myelin sheath.  At  no time after  injection do  we 
find  prominent labeling of  choline phospholipid 
within these structures. Moreover, if lecithin were 
transported  through  the  myelin sheath  via these 
clefts, we  should expect more rapid rates (49)  of 
appearance of labeled lecithin in inner layers. 
Lecithin synthesis from  choline precursors  oc- 
curs in Schwann cell cytoplasm, endoneural cells, 
blood vessel  membranes, and in the cell layers at 
the innermost part of the peripheral epithelia of the 
perineurium. This latter structure alone is heavily 
labeled when label is applied to the surface of the 
nerve; it may act as a permeability barrier (3) to 
the uptake of precursors by the nerve. 
In summary, the results presented suggest that 
myelin  choline  lipids  are  made,  largely  if  not 
exclusively, in the  glial cell cytoplasm. Transfer 
from sites of synthesis into myelin may be limited 
to specific sites on the outer portions of the sheath. 
This process may be responsible for a fast turnover 
rate associated with myelin constituents. Once the 
lipid  is  associated  with  the myelin lamellae, the 
subsequent movement inward is a  relatively slow 
process, most probably mediated by lateral diffu- 
sion  through  the  myelin lipid  bilayer  over  very 
extended  surface  areas.  The vast  areas  of mem- 
brane  in  myelin surrounding large-caliber fibers 
suggests that weeks to months may be required to 
clear  molecules completely  from  the  inner sur- 
faces.  Additional factors  may be  responsible for 
the  even  lower  turnover  rates  of  other  myelin 
constituents, e.g., sphingomyelin. 
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